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OppAThe two structural domains of p529, a predictedAAA ATPase of Acidianus two-tailed virus (ATV),were expressed
and puriﬁed. The N-terminal domain was demonstrated by loss-of-function mutations to carry ATPase activity
with a temperature optimum of 60 °C. This domain also showed DNA binding activity that was stronger for
the whole protein and was weakened in the presence of ATP. The C-terminal domain exhibits Mg2+-dependent
endonuclease activity that was eliminated by site-directed mutagenesis at a conserved catalytic PD…D/ExK
motif. p529 pull-down experiments with cell extracts of Sulfolobus solfataricus demonstrated a speciﬁc interac-
tion with Sso1273, corresponding to OppASs, an N-linked glycoprotein that speciﬁcally binds oligopeptides.
The sso1273 gene lies in an operon encoding an oligopeptide/dipeptide ABC transporter system. It is proposed
that p529 is involved in ATV-host cell receptor recognition and possibly the endonuclease activity is required
for cleavage of the circular viral DNA prior to cell entry.s Vej 3, 2200 København N,
rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Acidianus two-tailed virus (ATV) infects Acidianus convivator and
other members of the Sulfolobales that thrive in acidic hot springs at
80 °C to 90 °C and pH 1.5 to 3.0 (Häring et al., 2005). The virus particles
are exceptional in that they are extruded from cells as spindle-shaped
particles and subsequently grow long bipolar tails extracellularly and
independently of host cells (Häring et al., 2005). ATV exists in a lysogen-
ic state when infected A. convivator cells are grown under optimal con-
ditions. It can also follow a lytic reproduction cycle that is induced by
environmental stress factors including, for example, lowering of the
culturing temperature from 85 °C to 75 °C (Prangishvili et al., 2006b).
ATV virions contain several structural components including the
main capsid protein, p131, that exhibits an exceptionally stable struc-
tural bundle of three α-helices (Goulet et al., 2010). Moreover, recent
studies suggest that the ATV virions carry a chaperone complex
consisting of an RavA-like AAA-ATPase p618 and a co-chaperone
protein p892 containing a Von Willebrand factor type A (VWA) do-
main, that together facilitate tail development (Scheele et al., 2011).
This protein complex is absent from the other characterized bicauda-
virus Sulfolobus tengchongensis spindle-shaped virus STSV1 which
carries a single long tail formed intracellularly (Xiang et al., 2005).
Despite these recent advances, our knowledge of viral life cycles of
archaea-speciﬁc viruses in general, and of bicaudaviruses in particular,
is quite limited. Little is known about viral receptors, replicationmechanisms (Oke et al., 2011) or packaging systems. It has been consid-
ered that most archaeal viruses propagate in stable relationships with
their hosts and only enter a lytic phase when subjected to exceptional
environmental changes (Jankovic et al., 1983). When lysis does occur
it has been shown, at least for the turreted virus STIV1 and rudivirus
SIRV2, that they are extruded from cells via unusual pyramidal-shaped
structures generated at the cell surface (Bize et al., 2009; Brumﬁeld
et al., 2009).
In this study, we focus on a predicted AAA ATPase p529 from ATV
that has predicted distantly related homologs in the other bicauda-
virus STSV1 and in another unclassiﬁed tailed-fusiform crenarchaeal
virus HAV2 (Garrett et al., 2010). Thus it is likely to perform an
important function for tailed fusiform viruses. AAA family enzymes
(ATPases associated with various cellular activities) constitute a
subclass of the AAA+ATPase superfamily. They carry Walker A and B
motifs, where the former motif provides a phosphate binding site and
the latter is essential for magnesium coordination and nucleotide
hydrolysis, and they exhibit an SRH (second region of homology)
domain (Hanson and Whiteheart, 2005). The enzymes tend to be
highly conserved within the ATPase domain and are functionally
diverse in an adjoining domain. They assemble into functional olig-
omers (Boyle et al., 2007), forming single or double hexameric
rings, and often act by translocating a peptide or nucleic acid substrate
through the central pores of hexameric rings (Snider et al., 2008).
Herewe express p529, and eachof its two domains, and characterize
the ATPase activity residingwithin the N-terminal domain.We demon-
strate the presence of DNA binding and endonuclease activity within
the N- and C-terminal domains, respectively. Furthermore, evidence is
provided for a speciﬁc interaction occurring with the solute binding
protein Sso1273 of Sulfolobus solfataricus P2 which corresponds to the
oligopeptide binding protein OppASs that is cofunctional with an ABC
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Gogliettino et al., 2010).
Results
Structure and ATPase activity of p529
p529 is a 61 kDa protein with a putative AAA ATPase domain
extending from positions 111 to 270, with predicted Walker A and B
motifs, an arginine ﬁnger and Sensors 1 and 2 sequences (Fig. 1). The
ATPase domain shows signiﬁcant sequence similarity to the CDC48/p97
subfamily of AAA ATPases and p529 appears to be homologous to
protein ORF51 (with an extended N-terminal region) of the distantly
related bicaudavirus STSV1 (Xiang et al., 2005) and to ORF506 of the
tailed-fusiform virus HAV2 (Garrett et al., 2010) for both of which
some limited sequence similarity occurs in the C-terminal domain.
ORF51 of STSV1 also provides the best p529 sequence match in the
GenBank database showing a sequence identity/similarity of
23%/43% over the ﬁrst 470 amino acids with an expectancy of 1e−18.
To test for ATPase activity, p529 was expressed in Escherichia coli
where it was mainly concentrated in inclusion bodies. Puriﬁed p529
(Fig. S1A) hydrolyzed ATPwith a KM value of 0.11 mM and a maximum
velocity of 0.57 nmol/(min×μg) (Fig. 2A). A Hill coefﬁcient of 1.0 indi-
cated the absence of cooperative binding at increasing ATP concentra-
tions. ATPase activity was conﬁrmed by inducing loss-of-function
mutations in theWalkermotifs. A conserved lysine to alanine transition
(K122A) in the Walker A motif inactivated ATPase activity by eliminat-
ing ATP binding, and a catalytic glutamate to glutamine change (E177Q)
within the Walker B motif abolished activity by blocking nucleotide
hydrolysis (Fig. S2A). ATPase activity followed a bell-shaped tempera-
ture dependence with an optimum at about 60 °C, lower than 85 °C
the optimal growth temperature of the host (Fig. 2B). p529 showed a
high speciﬁcity for Mg2+, which is inferred to coordinate ATP to the
conserved aspartate residue of the Walker B motif. There was a 40%AAA
    p529      1 529
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Fig. 1. Sequence and predicted domain structure of p529 where the AAA domain is
shaded grey and disordered regions are denoted by bars. The isolated N- (p529N) and
C-terminal (p529C) domains are displayed as lines and the terminal amino acid
positions are indicated. Point mutations that were generated and analyzed are boxed,
and putative nuclease motifs in the C-terminal domain are underlined.reduction in activity with Mn2+ and larger decreases with Cd2+,
Co2+, Ca2+ Cu2+, Ni2+ and Fe2+ (Fig. S2B).
Oligomerization of p529
A common structural property of AAA ATPases is the capacity to
form single oligomeric rings, showing six-fold and occasionally
seven-fold symmetry (Kim et al., 2000; Lupas and Martin, 2002). To
determine the oligomeric state of p529, we analyzed the wild-type
protein and the Walker B mutant in the presence and absence of
ATP by size-exclusion chromatography. Only the Walker B mutant
p529E177Q produced oligomers in the presence of ATP and Mg2+
(Fig. 3A) suggesting that oligomers of the wild-type protein dissociat-
ed on ATP hydrolysis. Molecular masses of the monomer and oligo-
mer were estimated to be 54 kDa and 739 kDa, respectively,
consistent with dodecamer formation for the latter (Figs. 3A, B).
Transmission electron micrographs were compatible with a hexame-
ric symmetry (Fig. S3). Thus, p529 may form double hexamers as has
been observed for an MCM ATPase of Methanobacterium thermoauto-
trophicum (Chong et al., 2000).
DNA binding activity within the N-terminal domain of p529
p529 invariably co-puriﬁed with E. coli DNA consistent with an in-
herent DNA binding property. Therefore, p529 was tested for binding
and a strong afﬁnity was observed for dsDNA (Fig. 4A). We tested for
the dependence of binding on the presence of ATP and Mg2+, which
are required for the ATPase activity and the results showed that
whereas Mg2+ had no effect, the presence of 1 mM ATP produced
strongly reduced binding (Fig. 4A).
In order to localize the DNA binding site, the N- and C-terminal do-
mains of p529 were expressed and puriﬁed separately (Fig. S1B, C) and
then tested for DNA binding. The results demonstrate that the primary
DNA binding activity is located within the N-terminal ATPase domain
(Fig. 4B). However, DNA binding was stronger for intact p529, with
the complex forming at lower protein:DNA molar ratios (Fig. 4A), sug-
gesting that the presence of the C-terminal domain stabilizes the DNA
interaction.
Endonuclease activity resides in the C-terminal domain
DNA-binding experiments performed with the puriﬁed C-terminal
domain provided evidence for the presence of Mg2+-dependent endo-
nuclease activity (Fig. 5A). Two sequencemotifs characteristic of nucle-
ases were detected in this domain, both PD…E/DxK motifs resembling
the PD…E/DxK motifs of type II restriction endonucleases. Generation
of a mutation in one of these by substituting lysine with an alanine in
the conserved EAK479 sequence resulted in the loss of endonuclease
activity such that a stable protein–DNA complex was formed in the
presence of Mg2+ (Fig. 5B). Moreover, the nuclease activity of wild-
type p529C was gradually lost on adding increasing concentrations of
this mutant protein (Fig. 5B).
Another archaeal AAA ATPase, Nar71 from Methanothermobacter
thermautotrophicus, exhibits endonuclease activity and carries a PD…
D/ExKmotif and it also shows helicase activity (Guy et al., 2004). There-
fore, we performed a series of experiments testing for ssDNA displace-
ment activity by p529, using two different DNA duplexes each
consisting of a short labeled primer of 36 nucleotides that partly
annealed to a longer oligonucleotide yielding both 5′- and 3′-overhangs
but the results were all negative and we conclude, therefore, that p529
is unlikely to carry helicase activity.
p529 associates with the Sulfolobus solute binding protein Sso1273
The presence of two highly conserved segments of the ATV viral
genome within the S. solfataricus P2 chromosome indicates that the
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Fig. 2. ATPase activity of p529. (A) The activity was measured with 0.015 mg/ml of p529 incubated at 60 °C with increasing concentrations of ATP. The inset shows a Hill plot with a
Hill coefﬁcient of n=1. (B) Temperature dependence of the ATPase activity measured at 1 mM ATP.
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encewas reinforced by the ﬁnding of multiple spacer sequencesmatch-
ing to ATV DNA within the CRISPR loci of S. solfataricus P2
(Gudbergsdottir et al., 2011; Shah et al., 2009). Therefore, we prepared
cellular protein extracts from S. solfataricus P2 and tested for interac-
tionswithGST-tagged p529 bound to a Sepharose–GSHcolumn. Elution
of the column-bound proteins revealed the presence of a single protein
of about 120 kDa (Fig. 6A). The protein was extracted and analyzed by
mass spectrometry and shown to be identical in sequence to the0.000
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Fig. 3. Oligomerization of theWalker Bmutant p529E177Q. (A) p529E177Qwas analyzed on
a Superose 6 (10/300) column in the presence or absence of 1 mMATP and 2.5 mMMgCl2.
The protein concentration was 25 μM and oligomerization was monitored at 280 nm.
(B) Dextran Blue (void) (1) and proteins thyroglobulin—669 kDa (2), catalase—232 kDa
(3), aldolase—158 kDa (4), BSA—66 kDa (5) and carbonic anhydrase—29 kDa (6) were
used for calibration. Molecular masses of 54 kDa and 739 kDa were estimated from the
calibration curve (inset) for the ﬁrst and second elution peaks consistent with monomer
and a dodecamer formation, respectively.putative solute binding protein Sso1273. A control experiment with a
GST tag isolated from E. coli using the same procedure yielded no simi-
larly sized proteins (Fig. 6B). Moreover, six other puriﬁed ATV proteins
were tested similarly and they also yielded no evidence of speciﬁc host
protein interactions (data not shown). The sso1273 gene lies at the start
of an operon encoding an ABC oligonucleotide/dipeptide transporter
system (Gogliettino et al., 2010; She et al., 2001)) that is absent from
Sulfolobus acidocaldarius (Chen et al., 2005) and, therefore, we
repeated the experiments with cell extracts of S. acidocaldarius and no
column-bound proteins were detected (Fig. 6).
Recent work has demonstrated that Sso1273 corresponds to the
oligopeptide binding protein OppASs that undergoes N-linked glyco-
sylation (Gogliettino et al., 2010) and the post-translational modiﬁca-
tion can explain the discrepancy in the size of 98 kDa calculated from
the amino acid sequence and the 120 kDa estimated from gel electro-
phoresis (Fig. 6). The protein carries a putative 200 amino acid extra-
cellular solute-binding domain adjacent to an N-terminal signal
peptide as well as predicted transmembrane regions. In vitro studies
with deletion mutants of Sso1273 have demonstrated that the puta-
tive extracellular domain participates in peptide binding (Gogliettino
et al., 2010).
Discussion
Archaea host a wide range of diverse viruses that have recently been
classiﬁed into several new viral families. Some of their morphologies,
including spindle forms and the bottle shaped ampullavirus ABV, are
exclusive to the archaeal domain and this, combined with their excep-
tional genomic properties, has reinforced the view that most of the dif-
ferent viral families belong to an archaea-speciﬁc lineage, separate from
the eukaryal and bacterial lineages (Lawrence et al., 2009; Prangishvili
et al., 2006a). Given that most of these discoveries were relatively
recent, we are still at an early stage in characterizing life cycles and
host-speciﬁc interactions of these novel viruses. Exceptional properties
include the capacity of ATV to undergo a major morphological change
extracellularly and independently of host cells (Häring et al., 2005)
probably facilitated by a virion-bound chaperone system (Scheele
et al., 2011), and the archaea-speciﬁc viral cell extrusion mechanism
whereby the turreted virus STIV1, and rudivirus SIRV2, are expelled
via pyramid-like structures that form on the cell surface prior to lysis
(Bize et al., 2009; Brumﬁeld et al., 2009).
The present study was an attempt to deﬁne the role of a conserved
bicaudaviral ATPase. The ATPase activity was shown to be located within
the N-terminal domain by introducing loss-of-functionmutations at each
putative Walker motif and it showed a temperature optimum of 60 °C,
well below the optimal growth temperature of the host. Possibly, as
demonstrated for the other ATV ATPase p618, speciﬁc protein–p529
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Fig. 4. DNA binding activities of p529 and p529N. (A) Effect of ATP and Mg2+ on the DNA binding activity of p529. p529 (0.37 μM to 0.73 μM) was incubated with 7.3 nM of [32P]-
labeled 147 bp dsDNA and adjusted to 6.7 mMMgCl2 and 2.5 mM ATP as indicated. (B) Increasing concentrations of p529N (0.18 μM to 1.8 μM)were incubated with 7.3 nM of [32P]-
labeled 147 bp dsDNA. All components were incubated at 50 °C for 30 min in 20 mM Hepes, 100 mM NaCl, 0.4 mM DTT, 2% (v/v) of glycerol, pH 7.5 using the substrate DNA as
control (C).
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(Scheele et al., 2011). The N-terminal domain was shown to bind to
dsDNA, consistent with the co-puriﬁcation of p529 with E. coli DNA,
and the binding was enhanced in the whole protein indicating that
the presence of the C-terminal domain helped to stabilize the
interaction.
Although no DNA degradation was observed during the p529–DNA
binding assays (Fig. 4A), endonuclease activity was detected withinA
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Fig. 5. Endonuclease activity of p529C. (A) Reaction mixtures contained increasing
concentrations of p529C (0.37 μM to 3.7 μM) and 7.3 nM of [32P]-labeled 147 bp dsDNA.
Sampleswere adjusted to 6.7 mMMgCl2 (+Mg2+) or 1.6 mMEDTA (−Mg2+) as indicat-
ed. All samples were incubated for 50 min at 50 °C and run in 11% non-denaturing
polyacrylamide gels. (B) Incubation of 7.3 nM147 bp [32P] dsDNAwith increasing concen-
trations of p529C and p529CK479A (0.22 μM–22 μM) and competition of p529C (2.2 μM)
with increasing concentrations of p529CK479A (0.22 μM to 22 μM) for 50 min at 50 °C.
Substrate DNA (C) was used as control.the C-terminal domain, exclusively in the presence of Mg2+. Moreover,
site-directed mutagenesis of an amino acid in one of the two potential
nuclease motifs eliminated the activity and subsequent incubation of
the mutant protein and DNA led to complex formation (Fig. 5). Thus,
there appears to be a stable DNA interaction site in both protein
domains which could explain the stronger DNA binding of the whole
p529.
p529 attaches speciﬁcally to protein Sso1273 of S. solfataricus, a
putative host for the ATV virus (Gudbergsdottir et al., 2011; Prangishvili
et al., 2006b). This protein corresponds to the oligopeptide binding pro-
tein OppASs, an N-linked glycoprotein that is coexpressed with one of
two putative ABC-type oligopeptide/dipeptide transporter systems in
S. solfataricus and in vitro studies have shown that it exhibits a higher
degree of amino acid composition speciﬁcity than the other system
(Gogliettino et al., 2010). We infer that ATV interacts speciﬁcally with
the extracellular solute binding domain of OppASs through p529. p529
was not identiﬁed amongst the major virion proteins (Häring et al.,
2005) and is therefore likely to be a minor component. The putative
viral DNA transport system may share some mechanistic features with
that of bacteriophage T5. The latter binds to FhuA, the outer-membrane
ferrichrome-iron receptor of the E. coli ABC transporter FhuBCD, via the
virion protein pb5 (Bonhivers et al., 1998; Letellier et al., 2002).
The signiﬁcance of the p529 enzymatic activities remains unknown.
The endonuclease located in the C-terminal domain apparently requires
a conformational change in p529 for activation and could be involved in
cleavage of the circular viral dsDNA prior to cell entry while the ATPase
activity could facilitate the translocation process.
The presence of predicted homologous AAAATPases encoded by the
other distantly related bicaudavirus STSV1 (Xiang et al., 2005) and by
another unclassiﬁed tailed-fusiform HAV2 virus (Garrett et al., 2010),
combined with the juxtaposition of the gene for OppASs with those of
the ABC oligopeptide/dipeptide transporter system in many Sulfolobus
and Acidianus species (Guo et al., 2011; You et al., 2011) suggests that
the proposed virus–host receptor binding function is widely conserved
for tailed-fusiform viruses amongst the Sulfolobales and, possibly, other
crenarchaea.
Experimental procedures
Plasmids and bacterial strains
E. coli DH5α was used for cloning and site-directed mutagenesis and
Rosetta™ (DE3) was the host strain for the expression vector based
on plasmids pET28a (Novagen, Madison, WI, USA) and pGEX-6P-2
(GEHealthcare, St. Chalfont, UK). p529was ampliﬁed by PCR froma shot-
gun library of the whole ATV genome. The forward primer with the
sequence 5′-ACGGTCGACATGTTTTTTAAAAATCTTTTTCCATTTTCC-3′ car-
ried an additional SalI site. Of two potential start codons, separated by
10 codons and each preceded by hexameric TATA-like promoter motifs,
SSO1273
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Fig. 6. (A) Pull-down experiment with GST-tagged p529 bound to a GSH-Sepharose column. Total cell-extracts of S. solfataricus P2 (SsoP2—two different batches) or S. acidocaldarius
(Sac) were passed through the column and bound proteins were eluted and resolved in an 11% polyacrylamide gel. L indicates protein size markers. Panel (B) shows the results of
the control experiment performed with GST bound to the GSH-Sepharose columnwhere no bands corresponding to Sso1273 (OppASs) were detectable. Sso1273 was extracted from
the gel and identiﬁed by MALDI-TOF peptide mass ﬁngerprint and MALDI-TOF/TOF peptide sequencing. C denotes control samples of GST-p529 alone showing some copuriﬁed
E. coli protein contaminants (panel A) and GST alone (panel B), both conjugated to GSH-Separose beads.
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er 5′-GCTCGGCCGAGTACAGCTTTACCAACGTC-3′ carried an EagI restric-
tion site for cloning. The stop codon was deleted to allow transcription
of the polyhistidine-tagged C-terminal protein. The PCR product was in-
troduced into pGEX-6P-2, providing an N-terminal GST-tag, and a modi-
ﬁed pET28a vector termed pET28d yielded a C-terminal polyhistidine
tag, after cleavage with SalI and EagI. The pET28d vector was generated
by cleavage of the pET28a vector with NcoI and BamHI and religating
after producing blunt ends with Klenow DNA polymerase.
Site-directed mutagenesis was performed following the QuikChan-
geR protocol (Stratagen, La Jolla, CA, USA) using the pET28d–p529 con-
struct and forward primers: 5′-GGAGCGCCAGGAATGGGGGCTAGCG
AGTTGGCTAAG-3′ for p529K122A, 5′-GGTGTTCATGGATCAGGTCGAC
TGGTTAGGAGTGAG-3′ for p529E177Q, and 5′-GGTGTTGAAGCAGCTCCG-
GACGAACTTAAC-3′ for p529ΧK479A. Reverse primers were complemen-
tary to the forward primers. p529Cwas cloned via its AﬂII restriction site
and the vector-speciﬁc SacI site. After Klenow DNA polymerase treat-
ment, blunt ends were religated. p529N was generated as described
for the p529 polyhistidine-tagged C-terminal protein using the same
forward primer and the reverse primer 5′-GCTCGGCCGTTAAGTACGTT-
GAAGAGCTGG-3′.
Sequence analyses
Protein domain architectures were analyzed using Pfam (http://
pfam.sanger.ac.uk/) and SMART (http://smart.embl-heidelberg.de/)
databases. The BLASTP algorithm was used for sequence comparison
against the non redundant protein sequence database (http://blast.
ncbi.nlm.nih.gov/). Prediction of transmembrane regions and organiza-
tion of Sso1273 was done using SOSUI (http://bp.nuap.nagoya-u.ac.jp/
sosui/), TMpred (http://www.ch.embnet.org/software/TMPRED_form.
html), HMMTOP (http://www.enzim.hu/hmmtop/), DAS (http://
www.sbc.su.se/~miklos/DAS/) and TMHMM (http://www.cbs.dtu.dk/
services/TMHMM/). Results were analyzed by searching for consistent
predictions from all ﬁve programs.
Expression and puriﬁcation of recombinant proteins
Rosetta (DE3) cells transformed with pET28d and pGEX-6P-2
constructs were grown in 1 liter LB-medium supplemented with 30
μg/ml kanamycin (pET28) or 100 µg/ml ampicillin (pGEX) and 25 μg/ml
chloramphenicol at 37 °C. Expression was induced at A600 of ~0.7 by add-
ing 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and continued
overnight at room temperature. Rosetta (DE3) cells yielded a small
fraction of soluble p529. The cell lysate was treated with 20 units DNase
I (Applied Biosystems, Foster City, CA) for 2 h at 37 °C to remove
contaminating genomic DNA. Proteins were puriﬁed by afﬁnity
chromatography using either Ni-nitrilotriacetic acid (Ni-NTA) agarose
(Qiagen, Hilden, Germany) or glutathione (GSH)-Sepharose (GE Health-
care) following manufacturers' protocols and including an additionalheating step at 70 °C for 15min for polyhistidine-tagged proteins. Larger
amounts of p529 and mutated proteins with polyhistidine-tags were pu-
riﬁed under denaturing conditions from inclusion bodies using 8M urea
in all buffers as described for soluble fractions. Renaturation was achieved
by a 1:50 dilution in the presence of 0.5 M L-arginine in 20mMHepes-Cl,
100 mMNaCl, pH 7.5. Remaining urea and L-arginine were removed by
dialysis against 20 mM Hepes-Cl, 100 mM NaCl, pH 7.5. Contaminating
proteins and incompletely renatured proteinwere precipitated by heat-
ing at 70 °C for 15 min and centrifuging at 16000×g for 15 min. p529C
and p529Nwere soluble and puriﬁed under native conditions. When nec-
essary, proteins were puriﬁed further by size exclusion chromatography
using Superdex 75 (10/300) or Superdex 200 (10/300) (GE Healthcare).
ATPase activity assay
ATPase activity was determined colorimetrically by a modiﬁed mal-
achite green-based assay (Scheele et al., 2011). Assays were performed
in triplicate in microtiter plates at 60 °C for 20 minwith 0.015 mg/ml of
p529 in 20 mMHepes-Cl, 100 mM NaCl, pH 7.5, and then placed on ice
to terminate ATP hydrolysis. ATP concentrations ranging from
0.0625 mM - 3 mM and 2.5 mM MgCl2, MnCl2, CdCl2, CoCl2, CaCl2,
CuCl2, NiCl2 and FeCl2 were used. Release of inorganic phosphate was
monitored at 650 nm and compared to a standard curve obtained
using KH2PO4. Temperature dependence of the ATPase activity was an-
alyzed with 2.5 mM MgCl2 and 1 mM ATP over the temperature range
40 °C to 75 °C at 5 °C intervals.
Size exclusion chromatography and electron microscopy
p529E177Q (25 μM) was incubated for 30 min on ice in buffer B
(20 mM Hepes, 100 mM NaCl, pH 7.5) in the presence or absence of
1 mM ATP and 2.5 mMMgCl2. 100 μl of each reaction mixture was ap-
plied to a Superose 6 (10/300) column (GE Healthcare) at a ﬂow rate
of 0.5 ml/min. The chromatogramwasmonitored at 280 nm and eluted
fractions were analyzed by SDS-PAGE and Western blotting. The frac-
tion containing p529E177Q oligomers was then incubated for 20 min at
room temperature and the proteins were adsorbed onto a carbon-
coated copper grid at a concentration of 0.01 mg/ml and stained with
2% uranyl acetate. Images were recorded using a JEM-1010 (Jeol Ltd.
Tokyo, Japan) transmission electron microscope.
Electrophoretic mobility shift assay
DNA binding assays and nuclease activity assays were performed for
30 min at 50 °C in a reaction volume of 15 μl in 20 mM Hepes-Cl,
100 mM NaCl, 0.4 mM DTT and 2% (v/v) of glycerol, pH 7.5. p529,
p529N, p529C and p529CK479A were added at increasing concentrations
as described in the Figure legends. The 147 bp dsDNA substrate was
generated by PCR and 5′-end labeled using [γ-32P]-ATP (Perkin Elmer,
Waltham, MA, USA) and T4 polynucleotide kinase (Invitrogen,
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resis on 11% non-denaturing polyacrylamide gels and detected by
autoradiography.
Host protein pull-down experiment
A p529 GST fusion protein was immobilized to GSH-Sepharose
beads (GE Healthcare) and total protein extracts of S. solfataricus P2
and S. acidocaldarius were added in PBS buffer (8 mM Na2HPO4,
1.8 mM KH2PO4, 140 mM NaCl2, 3 mM KCl, pH 7.4) supplemented
with 0.1% Triton X-100 and 1 mM EDTA. GST conjugated to GSH beads
and 0.25 mg/ml bovine serum albumin (BSA) served as controls. The re-
action mixture was incubated for 1 h at room temperature, centrifuged
for 2 min at 2000×g, and the pelletwaswashed 5 timeswith 0.5 ml PBS
buffer before analyzing by SDS-PAGE, using a PAGE Ruler prestained
size marker (Fermentas, St. Leon-Rot, Germany). Co-precipitated pro-
teinwas cut from the Coomassie brilliant blue-stained gel and identiﬁed
by MALDI-TOF peptide mass ﬁngerprint and MALDI-TOF/TOF peptide
sequencing (Alphalyse A/S, Odense, Denmark).
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